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Abstract. The recently developed cod®REYA (Fission Reaction Event Yield Algo-
rithm) generates large samples of complete fission eveatssisting of two receding
product nuclei as well as a number of neutrons and photonsjtalcomplete kinematic
information. Thus itis possible to calculate arbitraryretation observables whose behav-
ior may provide unique insight into the fission process. W fiiscuss the present status
of FREYA, which has now been extended to include spontaneous fisdtmtentrating on
23%pu(np,f), 24Pu(sf) and?>?Cf(sf), we discuss the neutron multiplicity correlatiotise
dependence of the neutron energy spectrum on the neutrdiplisity, and the relation-
ship between the fragment kinetic energy and the numberwifares and their energies.
We also suggest novel fission observables that could be meebaith modern detectors.

1 Introduction

Phenomenological studies of nuclear fission are of padidaterest for possible practical applications
in the fields of nonproliferation and security. In partiauldne detection of special nuclear material
(SNM) has risen in priority. Since all SNM emits neutronsisiadvantageous to use these neutron
emissions for the detection of such material. For exampléjdhly enriched samples of plutonium
(90% 23%Pu, 10%2*°Pu) and uranium (90%%*°U, 10% 238U), the small content of*°Pu and?38U
undergoes spontaneous fission, emitting on average twoomsuper fission. If it were possible to
employ observable fferences in the characteristics of the fission process batihhedwo components
of the material, it might be possible to distinguish betweeniched and non-enriched samples of
SNM. The penetrating nature of neutrons, together withrtlosv background, give them intrinsic
benefits over other observables [1].

Heretofore, most fission simulations have assumed thatrattesl neutrons are drawn from the
same energy spectrum which precludes correlations bettheeneutron mutliplicity and the asso-
ciated spectral shape. In our event-by-event treatmeah Biherent correlations are automatically
included. Our approach employs the fission mda&RHYA (Fission Reaction Event Yield Algorithm)
which incorporates the relevant physics with a few key patens determined by comparison to data
[2—4]. It simulates the entire fission process and producemptete fission events with full kinematic
information on the emerging fission products and the emittegtrons and photons, incorporating
sequential neutron evaporation from the fission fragme&RYA provides a means of using readily-
measured observables to improve our understanding of thierfiprocess. Thus it is a potentially
powerful tool for bridging the gap between current micrgecanodels and important fission observ-
ables as well as for improving estimates of the fission charistics important for applications.

In this proceedings, based on a larger study [5], we compadecantrast correlations between
neutron observables in spontaneous and thermal fissfdfraf, 24%Pu(sf) and>°Pu(ny,f) respectively.
We also study these same observables in the spontaneoois 6§$i°Cf, often used as a calibrator for
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other fission measurements. We describe the experimengabddission fragment mass distributions
and the total fragment kinetic energy as a function of fragineass that we employ. We then discuss
various neutron observables, including the prompt fissgutnon multiplicity as function of fragment
mass, the neutron multiplicity distribution, and the ewyesgectrum of the prompt fission neutrons.
We also study the neutron-neutron angular correlationsedsas the correlations between both the
total kinetic energy of the fission products and their residuxcitation energy as a function of the total
neutron multiplicity.

2 FREYA Inputs

The treatment of spontaneous fissiolFREYA is similar to that of neutron-induced fission, except for
the simplification that there is no pre-fission emission. § lgenerally, we start with a fissile nucleus
A7, with a specified excitation ener@y, and let it undergo binary fission into a heavy fragnfemy
and a complementary light fragmeh, . The fragment masses are obtained from experimental mass
yields by the procedure employed in the original descriptibFREYA [3].

The fragment mass yield¥(A), are assumed to exhibit three distinct modes of Gaussram[fd,

Y(A) = S1(A) + Sz(A) + SL(A) . 1)

The first two terms represent asymmetric fission modes agsdcwith the spherical shell closure at
N = 82 and the deformed shell closureNat= 88, respectively, while the last term represents a broad
symmetric mode. The asymmetric modes have a two-Gaussianvithile the symmetric mode is
given by a single Gaussian. Since each event leads to twméatg, the yields are normalized so that
SaY(A) = 2.

The results are shown for the fission fragment and the subs¢éguoduct yields on the left-hand
side of Fig. 1. The yields reported for spontaneous fissierf@rthe (primary) fragments while those
reported for inducd fission are for the (post-evaporatioadipcts [8]. The product yields are obtained
after FREYA has finished emitting neutrons from the excited fragmeniisth& yields exhibit similar
behavior, a rather broad double-humped distribution wiglajg near symmetrnf,/2. The symmetric
contribution is typically very small.

The plutonium results are closely related because B8 (ny,f) and?*°Pu(sf) start from a com-
pound nucleus with the same valuefgf The?*°Pu(sf) data were taken from a study?&t244242pu(sf)
relative to?3%Pu(nn,f) [9]. The 25°Cf(sf) fragment yields are from an experiment [10] focusadiwe
far asymmetric mass region.

There is a clear shift between the fragment yields (befouéroa emission) and the product yields
(after neutron emission). The magnitude of the shift depamthe overall mean neutron multiplicity,
v, which in turn depends on the partition of the excitationrgpdetween the light and heavy frag-
ments. The shift is not symmetric but is larger for the liglaiginent, especially near symmetry. The
location of the peak in the heavy fragment yield®at 130 does not exhibit a significant shift due to
neutron emission in any of the cases shown, even though tftésshapparent for other values &.
This is due to the proximity of the doubly-magic closed shéth 7, = 50 andNy = 82. This behav-
ior is also apparent in the shape of TK¥g() and in the dependence of the mean neutron multiplicity
on fragment mass$|(A), as we soon discuss.

Once the partition of the total mass and charge between théragments has been selected, the
Q value of that particular fission channel follows from théelience between the total mass of the
fissioning nucleus and the ground-state masses of the tgméats,

Qv = M(A)) - ML - My . )

The Q. value for the selected fission channel is then divided up éetwthe total kinetic energy
(TKE) and the total excitation energy (TXE) of the two fragmse

The right-hand side of Fig. 1 shows the measured average SkHunction of the mass number of
the heavy fragmenfly. Near symmetry, the plutonium fission fragments are midtslielei subject
to strong deformations. Thus the scission configuratiohowibtain significant deformation energy and
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Fig. 1. (Left) The percent yield as a function of fragment mass*8Pu(n,f) [8] (top), 2*°Pu(sf) [9] (middle)
and?52Cf(sf) (bottom) [10]. The product yield data are shown3&Pu(n,,f) while the fragment yields are given
for 24%Py(sf) and®2Cf(sf). The black curves are the 5-Gaussian fits to the fragrdistributions while the red
curves are the results after neutron emissioFREYA. (Right) The total fragment kinetic energies as a function
of the heavy fragment mass f6PPu(y, ) [12-14] (top),24%Pu(sf) [9] (middle) and>2Cf(sf) [10] (bottom). The
FREYA results are shown with the calculated variance arising ffteemange of charges available for eagh

the TKE will be correspondingly low. A&y = 132, the heavy fragment is close to the doubly-magic
closed shell withzy, = 50 andNy = 82 and is therefore resistant to distortions away from spiter
Consequently, the scission configuration is fairly compantl the TKE exhibits a maximum even
though the light fragment is far from a closed shell and hesigeificantly deformed. Note that the
peak aroundhy = 132 is a feature of all the data sets shown, regardless ohe&h#ission is neutron
induced or spontaneous and independent of the identityedighile nucleus.

The?3%Pu(ny,f) data sets are very consistent f§ > 135, above the closed shellAg = 132. In
the region of the closed shell and below, the agreement athendpta sets is not as good, particularly
near the symmetry value &y = 120, presumably due to the low fragment yields in this region
Unfortunately, no uncertainties are given on the data, améyfull-width half maximum spread of
TKE for several given values @y in the measurment of Nishig al. [12]. This variance is similar to
that shown foFREYA. The?*%Pu(sf) data by Schillebeeckkal. [9] are somewhat flatter in the region
of the closed shell. There are considerable fluctuationkeéndaita forAy < 130 and TKEAL)was
not measured foAy < 122. We have therefore extrapolated a constant average bakk toAy =
120. The?>°Cf(sf) data are again taken from Ref. [10] with @s 0.9. The high statistics of this
measurement result in small experimental uncertaintidsarooth behavior of TKE).

Fig. 1 includes the average TKE values calculated WREYA at thermal energies for neutron-
induced fission and for spontaneous fission, together wehaisociated dispersions. Thus the bars
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associated with th€REYA calculations areot sampling errors but indicate the actual width of the
TKE distribution for eachAy.
We assume the average TKE values take the form

TKE(An, En) = TKEgaAn) + dTKE(E,) . 3

The first term on the right-hand side of Eq. (3) is extractednfithe data on the right-hand side of
Fig. 1, while the second term is a parameter adjusted to emeproduction of the measured average
neutron multiplicity,v. In a particular fission event, the actual TKE is obtained tigtiag a thermal
fluctuation to the above average.

Once the average total fragment kinetic energy has beemebtahe average combined excitation
energy partitioned between the two fragments follows frarergy conservation,

TXE = E, +E, = Quy - TKE. (4)

We assume that the fragment level densities are of the fof&l) ~ exp(2vaU;), whereU; is the
effective statistical energy in the fragment amds the level-density parameter [4]. We assume that
the asymptotic level density parameter is independenteofisisioning nucleus.

If the two fragments are in mutual thermal equilibriufm,= Ty, the total excitation energy will
be proportional to the level density parameté&sfi* ~ g;. FREYA therefore first assigns tentative
average excitations based on such an equipartition,

g8 5 )
aL(E’[) + aH(E*H)

WhereEi* = (Ai/A0) TXE. Subsequently, because the observed neutron muitiipdicuggest that the
light fragments tends to be disproportionately excited,dlierage values are adjusted in favor of the
light fragment,

E =xE ,E,=TKE-E,, (6)

wherex > 1.

After the mean excitation energies have been assigfREiA considers the féect of thermal
fluctuations. The fragment temperatuFeis obtained fromU; = Ui(E) = a;Tf. The associated
variance irg; is taken aaari2 = ZUTTi, whereU(E*) = E* in the simple (unshifted) scenario. Therefore,
for each of the two fragments, we sample a thermal energyfitionsE" from a Gaussian of variance
o-i2 and modify the fragment excitations accordingly so that

E' = E +6E,i=LH. (7)

Due to energy conservation, there is a compensating ogpibsituation in the total kinetic energy
[4]. This is accounted for on the right-hand side of Fig. 1.

3 Neutron Observables

FREYA assumes that the (fully accelerated) fission fragmentsdeekcite by (possibly sequential)
neutron evaporation, followed by sequential photon emissht each stage in the decay chain, the
spectral shape of the ejectile is determined by the maxinempérature in the daughter nucleus,
which in turn is determined by the excitation in the emittimgcleus and the associat€ivalue.
Because there are manyfigrentQ-values involved, one for each fragment species, and bebaue
excitation in the emitter fluctuates, the maximum tempeeaituthe daughter nucleus displays a non-
trivial distribution.
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The distributions of the maximum temperature in the evajmralaughter, granddaughter, and
great granddaughter nuclei are shown on the left-hand $iéiggo2. The maximum temperature in
the daughter nucleivEl) is peaked at around 0.5-0.8 MeV. The larger contributiomes from the
light fragment which tends to be hotter than its heavy parthiee temperature distributions in the
granddaughter nuclei£2) are considerably broader and peak at lower energiesgliedbe of the
great-granddaughters£3) the distributions decrease monotonically. For spordaaéission of*°Pu
where the average total neutron multiplicityys~ 2.15, it is most likely that each fragment emits
just a single neutron so the probability that a fragmentthitee neutrons is rather small. While the
probability for further neutron emission is typically tomall to be visible on the plot, such events
do contribute to the overall distribution ne@r~ 0. The maximum daughter temperature peaks at
T ~ 1 MeV with a tail extending up td ~ 2 MeV. In addition, the distribution of the maximum
temperature in the granddaughter has a distinct peak arbund).6 MeV, which is not surprising
considering tha¥ ~ 3.75 for 252Cf(sf).

In the treatment by Madland and Nix [11] a convenient anefftexpression was obtained by
assuming that the overall distribution of the maximum ddaegtemperature has a triangular shape.
The results in Fig. 2 demonstrate that such an assumptiardytrealistic, even for = 1.

The dependence of the average neutron multiplicity on thgnfient mass numbdéy; is very sen-
sitive to the division of the excitation energy which is gowed by the parametecin Eq. (6). As
shown on the right-hand side of Fig. 2, the measurementbigehiharacteristic ‘sawtooth’ behavior:
the neutron multiplicity from the light fragment increastavly asA approache%Ao and then drops
rather sharply to a minimum arourq; ~ 130, the same location as the maximum of TKE). Due
to the presence of the closed shell at that point, the fraggaea particularly resistent to neutron emis-
sion. Past the dip region, the multiplicity again increa3é® dip tends to be more sharply defined for
larger nuclei WheréAO is close to 130. For example, the drop is particularly abfapt>’Cf where

%AO = 126. Where data are available, it is seen thatRREYA calculations provide a rather good
representation of the ‘sawtooth’ behaviongf), even thouglFREYA is not tuned to these data.

The left-hand side of Fig. 3 shows the neutron multiplicitstdbution P(v). Each emitted neutron
reduces the excitation energy in the residue by not onlyiitstic energy (recalE = 2T whereT
is the maximum temperature in the daughter nucleus) butlalsthe separation enerdy, (which
is generally significantly larger). Therefore the resgt®(v) is narrower than a Poisson distribution
with the same average multiplicity, as clearly seen in therég.

In experiments, the quanti®)(v) is determined by detecting fission events in a sample ofniahte
and correlating these with simultaneous neutron detectibe relative probability for emission of
v neutrons in given evenB(v), is inferred by combining the calculated probability fdrservingn
neutrons whem were emittedQ(n; v), with the detector ficiency determined from the count rate by
comparison with a calibration source having a kndwypically 252Cf(sf) is used. Thus, while the
value ofy may be well measured for a given isotope, the distribuR6r) is less well determined.

In most cases, the agreement is rather good, witliRE&A results following the data more closely
than the equivalent Poisson distribution. The largeedince between the calculatEREYA multi-
plicity distributions and the data seems to befPu(sf), which may be due to the smaller sample of
240py(sf)Y(A) and TKE@A) data used as input ®REYA.

For fisison events having a specified total neutron mulitglic, we define the associated spectral
shape, g

y _1dv
RE) = S5 ®)
which is thus normalized to unity, while the correspondipgaral shape of the neutrons from all
the fission events irrespective of the associated multiplis denoted simply byf,(E) and is also
normalized to unity.

The multiplicity-gated spectral shapes obtained for théows cases considered are shown on the
right-hand side of Fig. 3. Results are presented for miditgs up tov = 6. It is apparent that the
spectra become progressively softer at higher multifgigjtas one would expect because more neu-
trons are sharing the available energy. This type of eleangibnservation-based correlation feature
is not provided by the standard models of fission. The taith@fprompt fission neutron spectra from
240py(sf) are longer and broader than those frofu(nn,f) even though the average energies are
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Fig. 2. (Left) The residual temperature distribution for neutromigsion as a function of temperature for neutron-
induced fission of%°Pu (top) and spontaneous fission?#tPu (middle) anc?>2Cf (bottom). The curves show
results forv = 1 (dashed), 2 (dot-dashed), 3 (dot-dot-dashed) and the salimeutron emission (solid). (Right)
The neutron multiplicity as a function of fragment mass feutmon-induced fission ¢f°Pu [12,13, 15] (top) and
spontaneous fission éf°Pu (middle) and>?Cf [16-18] (bottom). The vertical bars at intervalsff 10 on the
data from Ref. [12] in the top panel are the full-width halfximaum of the distribution in neutron multiplicity
from the range of charges available for thatheFREYA results also show this variance by the vertical bars. (Note
that the scales on theaxes of the plots are not identical.)

smaller and fewer neutrons are emitted. The most energeticons at high multiplicity are emitted
from 252Cf(sf) where the spectra are also rather closely clustenamaha the mean.

The event-by-event nature BREYA makes it straightforward to extract the angular corretatie-
tween two evaporated neutrons which cannot be addresskdheitstandard models of fission. The
left-hand side of Fig. 4 shows this quantity for the neutr@sailting from fission induced by thermal
neutrons orf*%Pu as well as neutron correlations in spontaneous fissiatdults are shown for neu-
trons with kinetic energies above thresholdgat 0.5, 1 and 1.5 MeV. The angular modulation grows
somewhat more pronounced as the threshold is raised alibeit@rrespondingly reduced statistics.

The neutrons tend to be either forward or backward correldtiee backward correlation appearsto
be somewhat favored. We have previously analyzed the c&8&uaf(n;,f) for v = 2, breaking it down
to three separate contributions: both neutrons from the fiqggment, both from the heavy fragment,
and one neutron emitted from each fragment [24]. There igrifsiant correlation af1> = 0 when
both neutrons are emitted from the same fragment, with aghigbak for the case when both neutrons
are emitted from the light fragment due to its higher velpd@n the other hand, when one neutron
is emitted from each fragment, their direction tends to b @nrelated due to the relative motion



Conference Title, to be filled

— T 1 1 3 10F 3
239 g~ i
Pu(n,f) E % 10_1? |
EEI:
o—o FREYA iga ¥ ]
& -8 Poisson 1~ 10-2 L -
\&—=4 Holden-Zucker E;"'_J, F E
] 3L ;
PR g
- i allv E
240 1< - v=1l -
Push 4 é 107E v=2 3
—~ 1= E v=3 3
E>: o—oBoldeman  jd C v=4 ]
0.2 Huangiao E @ 10 3 . 3;2 e
0.1 Jw= [ Pusf ]
/ ] sl ]
o S -
0.4F = DI E
: : > R -
0.3F ®ofsh 42 107 E
z 13 | ]
o - a= .
0'25 o—o Vorobiev {7 10° - ! E
0.1F N C) :
] 3L =h _
O_ 10 E | | | | 1 | 1 1‘“:‘ 3
o 1 2 3 4 5 6 7 8 9 0 2 4 6 8 10 12 14
Neutron multiplicity v Outgoing neutron energy E (MeV)

Fig. 3. (Left) The probability for a given neutron multiplicity asanction of multiplicity, v, for neutron-induced
fission of23°Pu [19] (top) and spontaneous fissior’®#Pu [20,21] (middle) and®?Cf [23] (bottom). TheFREYA
results are shown by the black circles while the equivalensddn distribution is shown by the red squares.
(Right) The prompt fission neutron spectrum for neutron aedlfission of3°Pu (top) and spontaneous fission
of 24Py (middle) and®>2Cf (bottom) as a function of outgoing neutron energy. FREYA results are shown
averaged over all neutron multiplicities as well as the ltedar neutron multiplicities up te = 6.

of the emitting fragments, resulting in a pealvgt = 180. The overall result is a stronger backward
correlation because emission from both fragments is madyliThe backward correlation is strongest
when the overall neutron multiplicity is low, especially f§°Pu(sf), whereas large multiplicities, as
for 252Cf(sf), reduce the angular correlation.

Finally, we discuss correlations between the fission prbenergies and the neutron multiplicity.
The combined kinetic energy of the two resulting (post-evapon) product nuclei is shown as a
function of the neutron multiplicity in the top panel on the right-hand side of Fig. 4. It decreases
with increasing multiplicity, as one might expect since émission of more neutrons tends to carry
off more initial excitation energy, thus leaving less avagafor the products. As expected from the
bz?;?avior ofz, 7,4, the combined product kinetic energy is largest for the musdsive fission systems
(e>=Cf).

The bottom panel on the right-hand side of Fig. 4 show therpaunultiplicity dependence of
the average residual excitation energy in those post-eaéipn product nuclei. Because energy is
available for the subsequent photon emission, one may eMpetcthe resulting photon multiplicity
would display a qualitatively similar behavior and thus h&-gorrelated with the neutron multiplicity.
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Fig. 4. (Left) The angular correlation between two neutrons emitharing neutron induced fission &°Pu (top)
and spontaneous fissiondPPu (middle) and>2Cf (bottom) as a function of the opening angle between the two
neutronsg,;,. TheFREYA results are shown for several cuts on neutron kinetic en&gy0.5 MeV (solid black),

1 MeV (dashed red), and 1.5 MeV (dot-dashed green). (Right)tdtal product kinetic energy (top) and residual
excitation energy (bottom) remaining after neutron emisdias ceased as a function of neutron multiplicity.
The FREYA results are shown for neutron induced fissiorr8Pu (squares) and spontaneous fissioR*efPu
(diamonds) and>*Cf (circles).

There is little sensitivity of the residual excitation teetidentity of the fissioning nucleus. This
result suggests that the energy left over after prompt na@mission is not strongly dependent on the
initial fragment temperature.

4 Concluding remarks

We have shown that there are characteristic correlatiotvgztesm the emitted neutrons that depend on
relative angle, energy and multiplicity. Event-by-evertdals of fission, such a&REYA, provide a
powerful tool for studying fission neutron correlations.r@esults demonstrate that these correlations
are significant and exhibit a dependence on the fissioninpus.c

To best take advantage of these correlations, fast resptmigetor systems are desirable. Such
systems can better exploit these correlations which woald/éshed out in slow response detectors
and detection systems based on moderators [1]. For expaahggoups to better explore the possible
correlation studies available wiHREYA, we are providing a version to work in-line with several karg
Monte Carlo codes, includingCNP [25].

Since our method is phenomenological in nature, good ingtatare especially important. Some of
the measurements employedfREYA are rather old and statistics limited. It would be usefulepeaat
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some of these studies with modern detector techniques.diti@a, most experiments made to date
have not made simultaneous measurements of the fissiongisoahd the prompt observables, such
as neutrons and photons. Such data, while obviously moienlgang to obtain, would be valauble
for achieving a more complete understanding of the fissiocgss.

We acknowledge helpful discussions with A. Bernstein antH&mann. The work of R.V. was performed un-
der the auspices of the U.S. Department of Energy by Lawrkiveemore National Laboratory under Contract
DE-AC52-07NA27344. The work of R.V. was also supported irt pg the National Science Foundation Grant
NSF PHY-0555660. The work of J.R. was performed under thpiees of the U.S. Department of Energy by
Lawrence Berkeley National Laboratory under Contract DEBBR-05CH11231. This research is also supported
by the US Department of Energy National Nuclear Security Adstration Gfice of Nonproliferation and Veri-
fication Research and Development.

References

. R. C. Runkle, A. Bernstein and P. E. Vanier, J. Applied Phg8, 111101 (2010).

. R.Vogt, J. Randrup, J. Pruet and W. Younes, Phys. R&0, G44611 (2009).

. J. Randrup and R. Vogt, Phys. Rev8@ 024601 (2009) [arXiv:0906.1250 [nucl-th]].

. R. Vogt, J. Randrup, D. A. Brown, M. A. Descalle and W. E. @nd, submitted to Phys. Rev. C.

. R.Vogt and J. Randrup, submitted to Phys. Rev. C, arX8013788 [nucl-th].

. S. Lemaire, P. Talou, T. Kawano, M. B. Chadwick, and D. GdMad, Phys. Rev. @2, 024601

(2005).

7. W. Younest al., Phys. Rev. 34, 054613 (2001).

8. T. R. England and B. F. Rider, LA-UR-94-3106 (1994).

9. P. Schillebeeckx, C. Wagemans, A. J. Deruytter and RhBkamy, Nucl. Phys. 545, 623 (1992).

10. F.-J. Hambsch and S. Oberstedt, Nucl. Phy81A 347 (1997).

11. D. G. Madland and J. R. Nix, Nucl. Sci. Erg1, 213 (1982).

12. K. Nishio, Y. Nakagome, I. Kanno, and I. Kimura, J. Nuai.Sechnol.32, 404 (1995).

13. C. Tsuchiya, Y. Nakagome, H. Yamana, H. Moriyama, K. Mish Kanno, K. Shin, and I.
Kimura, J. Nucl. Sci. Techno87, 941 (2000).

14. C. Wagemans, E. Allaert, A. Deruytter, R. Barthéléamg P. Schillebeeckx, Phys. Rev3Q 218
(1984).

15. V. F Apalin, Yu. N. Gritsyuk, I. E. Kutikov, V. |. Lebedeand L. A. Mikaelian, Nucl. Phys. A1,
553 (1965).

16. D. Shengyao, X. Jincheng, L. Zuhua, L. Shaoming, and Angiao, Chin. Phy<l, 649 (1984).

17. V. N. Dushin, F. J. Hambsch, V. A. Yakovlev, V. A. Kalinih,S. Kraev, A. B. Laptev, D. V.
Nikolav, B. F. Petrov, G. A. Petrov, V. |. Petrova, Y. S. Ple@ A. Shcherbakov, V. I. Shpakov, V.
E. Sokolov, A. S. Vorobiev, T. A. Zavarukhina, Nucl. Instrulteth. A516, 539 (2004).

18. V. P. Zakharova, D. K. Ryazanov, B. G. Basova, A. D. Ralittg V. A. Korostylev, Sov. J. Nucl.
Phys.,30, 19 (1979).

19. N. E. Holden and M. S. Zucker, “A Reevaluation of the AggrédPrompt Neutron Emission
Multiplicity (v) Values from Fission of Uranium and Transuranium Nucligd&NL-NCS-35513,
Brookhaven National Laboratory (1985).

20. Z. Huangiao, L. Zuhua, D. Shengyao and L. Shaoming, Nbgil.Eng.86, 315 (1984).

21. J. W. Boldemartsecond Conference on Neutron Physics, 4, 114 (1973);
httpy/www-nds.iaea.orgxfor/servietX4sGetSubent?subEB0376006.

22. H. R. Bowman, J. C. D. Milton, S. G. Thompson, and W. J. $wid, Phys. Rev126, 2120
(1962); Phys. Rewl29, 2133 (1963).

23. A. S. Vorobiev, V. N. Dushin, F. J. Hambsch, V. A. Yakovl&v A. Kalinin, I. S. Kraev, A. B.
Laptev, B. F. Petrov, G. A. Petrov, Yu. S. Pleva, O. A. Shchkady and V. E. Sokolov,
httpy//www-nds.iaea.orgxfor/servietX4sGetSubent?subi1425004.

24. J. Randrup and R. Vogt, JRC Scientific and Technical Rep4r89, 115 (2011).

25. F. B. Brownet al., Trans. Am. Nucl. Sod37, 273 (2002).

OO WNPE



